Introduction. -As will be shown below, relatively few results have been obtained on the specific heat of the An compounds. Some of those we do have date from a time when the chemistry of the actinides was still uncertain and others are contradictory. Why is there such a situation for the specific heat while the magnetic properties for instance, have been extensively studied ? In the first part I will discuss the experimental difficulties associated with specific heat measurements, and also the difficulties involved in interpreting those results. In the second part of this work, I will give a review of the most recent specific heat data for the actinide compounds. In a third part, I will draw attention to another possible interest of the specific heat measurements : the study of the critical phenomena in the magnetically ordered actinides.
1. The measurements : difficulties of the experiments and of their interpretation. -Everybody knows the experimental difficulty of the specific heat measurements whatever method is used : thermometry accurate to 0.01 K, perfect screening of the calorimeter to avoid radiation losses, sample holder heat capacities which are often of the same order of magnitude as the specimen heat capacity. For the actinides, the situation is worse : the self heating of the transuranium elements makes extremely difficult to work at temperatures below 6-10 K. Then, the extreme toxicity of these materials compels the use of a glove box, or the enclosure of the specimen in a container -a procedure which makes worse the problems of addenda correction and bad thermal contacts.
The interpretation itself of the measured heat capacity (which is C, : heat capacity at constant pressure) is another very difficult problem.
One can write :
C,,,, : lattice contribution CCond : contribution of the conduction electrons C, , : magnetic contribution (cooperative transition) C,,,,, : contribution from the excited electronic states C,,,, : nuclear contribution C, : heat capacity at constant volume.
If we disregard C,,,,, a contribution which is generally negligible, above 1 K we see from eq. (1) that the specific heat can be an important source of information on the electronic structure of a specimen provided that the resolution of the total heat capacity into its separate components can be made.
1.1 (C, -C, ) TERM. -The lattice contribution to the heat capacity is always assumed to come from harmonic forces. The anharmonic forces introduce a difference between C, and C, :
(a! : thermal expansivity, K : isothermal compressibility, V,,, : molar volume).
As a and K are not always available, neglecting C, is a first source of uncertainty especially at high temperature where Cd may reach several % of C,,,.
1.2 C,,,, TERM. -It is normally the most important term in (1) for T > 10 K and this term is also the Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1979417
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A. BLAISE most difficult to determine. Its theoretical expres-1.3 C,, TERM. -The conduction electrons give sion is : rise to a contribution :
y (0) being related to the density of state at the Fermi level, can, in principle, been deduced from a plot of and involves the knowledge of the phonon dispersion relation k(o). In principle, the best way of getting C,,,, is to derive k(w) from an experiment, namely neutron inelastic scattering. If one does not have the phonon spectrum then one can use more or less good approximations (Einstein function : o = constant = w, ;
Debye function : o = v, k ; or a combination of both) which, in term, leads to more or less exact results for C,,,, with errors reaching some 10 % or more.
Attempts are sometimes made to get an experimental estimate of C,,, by measuring an isostructural compound with no magnetic component to the specific heat (typically a thorium compound). The simplest assumption in that respect is the corresponding state approximation :
where k is a constant experimentally deduced. Another useful relationship for isostructural compounds of neighbouring molecular weights M and M' where the Debye approximation is valid for the Th compound is : or the more refined Lindeman's relation using the melting points T, , , and molar volumes V : C, /T(T2) extrapolated at T = 0 : C,,,, being proportional to T3, the ordinate at the origin gives y(0). But, C,,,, -T3 is only valid at very low temperature and many experiments don't allow the correct determination of y(0). In the free electron model y is essentially independent of T and could thus be determined even from high temperature measurement but this is an oversimplification and frequently is not in agreement with the experimental results : y, actually often decreases when T increases, and y (300) may be 50 % of y (0).
1.4 C,, TERM. -This is the term associated with the magnetic ordering of the Sf electrons in the actinides and the associated entropy has been the principal information sought in specific heat experiments. The problem in the actinides is that one is generally not sure at all of what is the electronic ground state of the Sf electrons and what is its multiplicity (because of similarity of the Coulombic, spin-orbit and crystal field interactions). Moreover, some Sf electrons very often take part to the conduction and the contributions C,,,, and C,, cannot be distinguished.
1.5 C,,,, TERM. -This term comes from the excitation of the higher lying multiplets issued from the Sf electrons coupling. These levels don't pose any problems when their contributions to the specific heat are well separated from each other and from any magnetic anomaly. Clearly, if this is not the case, it is difficult to resolve the electronic situation without additional information.
2 . The binary compounds. -As there is still no Tm comprehensive review paper for the specific heat of the actinides, we will try to list all the known data for Typically, C,,, which may amounts for up to 95 % the main binary and ternary compounds. Some of the measured heat capacity at room temperature comments will be made on the most extensively is the main source of uncertainty in the interpreta-studied systems but this paper is seen only as an tion of the measurements.
easy handling compendium to refer at. No other results are available for the actinide dioxides. Many phases exist for the uranium oxides from UO, to UO,. The X-ray data for most of them have been collected by Westrum et al. [9] and, as potential reactor fuels, their specific heats have been measured by several investigators. The data may be found in -All of these compounds P u c : have the NaCl type crystallographic structure andtheir magnetic properties have been extensively studied though not fully understood. In addition, the binary compounds often form complete series of solid solutions with one another or with lanthanide monocompounds. There are as yet no thermodynamic data on these latter compounds and such measurements could constitute an interesting subject of investigation for the next few years. All data are summarized in table 111. In the single-phase region of PuC, the maximum of Cp (298) corresponds to a maximum of the apparent y and corresponds to x = 0.89. A similar maximum has been found in the temperature-independent contribution to the susceptibility. The high temperature data of
--
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Kruger et al. [41] extrapolated at 298 K are in fair agreement with the low temperature results. [54] show the two A-type associated peaks. The same localized model as for UP holds for UAs with experimental evidence for the transition between the two lowest lying crystal field levels.
The chalcogenides.
: This compound is a simple ferromagnet (T, = 180 K) with a metallic conductivity and a high melting point. The low-temperature specific heat has been investigated by Westrum et at. [55] , the high temperature data are given by [33] and [56] . The results have been analysed by Flotow et al. [57] in a careful study of ThS and by Danan [31] . The proposed model is a localized one with a configuration 5fZ (U4') and crystal field splitting whose energy gap is deduced from the magnetic entropy in [58] . This model is now rejected by [59] who assume a certain delocalization.
& : With magnetic properties quite similar to US, the magnetic constants vary according to the authors, probably due to the difficulty in obtaining pure single phase specimens. The specific heat curve given by Takahashi et a1. [60] between 5 and 350 K exhibits a transition corresponding to the Curie point. The magnetic entropy is rather low but no serious analysis of C,,,, is given. y(0) has the highest value of all the UX compounds.
2.3.4 Pseudo -binary compounds. -A number of pseudo-binary uranium compounds has been studied. The aim is the observation of the amount of 5f electron localization with respect to :
The nature of the ligand (UCl-,N,). The number of 5f electrons available (Ul-, Th, P, ul-,Th, S...).
In the localized systems, the authors have studied UP,-,S,, for instance, to follow the change in strength and sign of the exchange constant when a chalcogen ion is replaced by a pnictogen. 
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A. BLAISE cific heat is again a maximum at x , , = 0.43. The proposed interpretation is a 5f virtual bound state model for the dilute alloys and a narrow 5f-6d hybrid band model for the uranium rich alloys.
Measurements not yet published on U, Th,-, Se confirm this interpretation and show a tendency towards localization replacing the sulphur atoms by selenium. US,P,-, : Counsell et al. [63] [50] . As thought to be a spin fluctuation system. Table IV .
AS(T,)
Y (0) Latt values which are definitely much higher than given by [73] and point out to the same model as that for UP,.
~ -2.6.3 The dichalcogenides. -There is no structural identity among the dichalcogenides and the crystal structure itself is very sensitive to the stoichiometry for a given compound.
a , PUS, : The uranium disulphides US, crystallize in the a phase (tetragonal) for 1.80 S x S 1.93
and in the P phase (orthorhombic) for x = 2.
Westrum et al. [74] have measured the specific heat of a compound with x = 1.9 between 5 and 350 K. With a rather rough estimate of the lattice component, they see a Schottky peak at 25 K corresponding to an excited state at 56 K above the ground state. A specimen corresponding to the fl phase has been studied by Gronvold et al. [75] with results very similar to the a sample. of magnetic susceptibility at 19.5 K and a A -type peak of C, at 11.5 K whose origin is still not clear [54] . Cubic AuCu,-type compounds : The results of very low temperature specific heat measurements for 8 uranium and 2 neptunium compounds are given in table VI together with the references. Nearly all these compounds show a temperature independent susceptibility, a resistivity increase proportional to T 2 at low temperature and high y(0) values. These and other data have been reviewed by Brodsky [82] who attempts to explain these physical properties in terms of a localized spin fluctuation (1.s.f.) model. NpSn,, on the other hand, would be an itinerant-electron antif erromagnet [83, 841 with T , = 9.5 K. Quite apart from the magnetic evidence for this assumption, the specific heat curve gives some additional proof : a AS, -0, a y (T) variation with a sharp peak at T , and a y(0) value much lower than yp (paramagnetic state). from 1.4 to 23 K in [77] . They found a A-type anomaly at 170.7 K with a rather low AS, and 3. The Laves phases. -Nearly all the compounds a high y (0). of this group crystallize in the cubic MgCu, type US,, UTe, : Both monoclinic of the same ZrSe,-structure. The X partner atoms are, either transition type, US, measured by Gronvold et al. [75] is elements, or members of the IIA column in the non magnetic, while UTe, exhibits a maximum periodic table. There has been an increasing interest Ref.
---in the Laves phases for the last five years because, in these compounds, the An-An spacing is close to the critical distance for localization of the 5f electrons and the apparition of magnetism. For most of them, this results in an interpretation of their physical properties by 1.s.f. or itinerant magnetism models. The specific heat experiments, although still very scarce, help to define the appropriate model : the 1.s.f. is characterized by an upturn of C / T versus T Z below the so-called spin fluctuation temperature.
The y(0) values are extremely high (and the ASm(Tt) are extremely low whenever a cooperative transition occurs). In [87, 84] interprete the results in terms of a weak itinerant ferromagnetism model. NpIr, : In a paper presented to LT 15, Brodsky et al. [88] give specific heat and magnetic susceptibility results for this compound which has a NCel temperature of 7.5 K. Their model is an itinerant antiferromagnet. [90] in the temperature range 1.5-300 K. As in UOTe, the magnetic entropies are low and as in the dipnictides the y(0) values are high, making likely a certain amount of delocalization among the 5f electrons. UAsTe : The increase in the c parameter and the reduction in the coordination number for the U atom is accompanied by a decrease of T, = 66 K. The specific heat data of [90] show however an associated magnetic entropy and mainly a y(0) value higher than those of UAsS and UAsSe.
5. The critical phenomena in the actinide compounds. -A recent synthesis has been given by Blaise [91] of the main theories of the critical behaviour in magnetically ordering systems, the emphasis is on the specific heat and magnetic properties in localized moment models. Some experimental examples are given in [91] but none of them refer to members of the actinide family. Of course this and other papers at this Conference emphasize the extent of our present knowledge on the actinide compounds.
The contribution of the actinide compounds to the study of the critical phenomena could be of importance : a number of these compounds are fairly good examples of localized systems. The exchange constants of these compounds can be altered by replacement of either the cation or the anion without any crystallographic modification. Many compounds display a magnetic transition in a temperatu- re range very convenient to achieve a great precision in the critical exponent problem. Lastly, in several cases, the lattice component of Cp may be deduced with reasonable accuracy from the study of an isomorphous thorium compound. Unfortunately, few authors have been attracted by these happy auspices and nearly all is still to be done in this respect. Being primarily interested in the specific heat, we will restrict ourselves to the compounds listed above and mainly to the 3 dimensional problem as there is still no examples of true mono-or bi-dimensional actinide compounds except possibly UI,.
Typical candidates for this study could be the three families : the simple f.c.c. monocompounds and the b.c.c. An3X4 compounds because of the highly symmetrical cation environment, then the tetragonal compounds (P4mmm-type) because of their numerical importance and of their special magnetic pseudo-bi-dimensional structure.
The next very important parameter to consider is the magnetic anisotropy in comparison to the exchange forces which will make the difference between an Ising or Heisenberg model. All the U compounds have very high anisotropies and one is tempted to consider them as good examples of Ising compounds, although the experimental evidence is not so conclusive.
5.1 AnX GROUP. -A very careful study of the magnetic properties of US has been made by Tillwick et al. [92] . Results are given for the critical exponents of x above Tc : y, and of M, below T : P. The specific heat data of [57] are well represented by a magnetic low-temperature contribution in T3/, which is the spin-wave result for a Heisenberg system. On the other hand, the shape of their C,(T) curve with its low temperature tail much higher than the high temperature one is more typical of an Ising model than of an Heisenberg. Not enough data are available from [57] to allow a critical exponent calculation.
An3X4
GROUP. -No one has been interested by the critical phenomena and the experimental situation is not an easy one. First of all, these compounds have a large metallic conductivity and are not good localized models. There is a very high magnetocrystalline anisotropy but the directions of the moments are still uncertain. No Th isomorphous compound is available for U3As4 and U3Sb4 where moreover the additional Schottky levels would make the separation of the cooperative transition in Cp rather difficult. The specific heat measurements on the dipnictides and ternary uranium compounds made by [90] allow a first estimate of the critical exponents of C , and of the ratio of the enthalpies E above and below T,.
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The values of a and a' agree rather with an Heisenberg model while the values of the ratios of the enthalpies correspond to an Ising model.
There are preliminary results and more extensive studies of C, around the critical points are now being made by Gordon [93].
6. Conclusion. -If we return to the title of this talk, we must admit that no definitive answer can be given to the question of the usefulness of specific heat measurements on the actinide compounds. Where the various contributions to the heat capacity give rise to anomalies widely separated in tempefature , fairly unambiguous information can be obtained from the thermal data. Where this is not the case, the specific heat results must be used in conjunction with other data if they are to provide useful insights into the complicated behaviour of the actinide compounds. 11. I disagree that measurements of the critical exponents, as apart from studying critical phenomena, will be useful in actinide research. The field of critical exponents is a huge one, and well developed, and any measurement on exponents must be done on a well understood system, i.e. not an actinide. Experiments in the critical regime can be useful but they should not focus on the exponents. I doubt whether specific heat can help here.
111. You claim that specific heat results have << seen >> the crystal-field levels in UO, ; is this reliable ?
A. BLAISE. -I. The question remains posed after the talk : specific heat measurements may be useful or not. In any case they must be supplemented by other experiments.
11. My purpose in the part 3 was the study of the critical phenomena theories (not only critical exponents) in a new category of c_ompounds and to check in these compounds the theoretical predictions for Ising versus Heisenberg, 2d or Id versus 3d models. I agree on the fact that you must use a well understood compound. A. BLAISE. -I have not mentioned any observation of Schottky anomalies in UCl,. Actually, we have few informations on the specific heat measurements for this compound : we only have tables given by the National Bureau of Standards and quoted in reference [24] .
Dr. BENEDICT. -You listed 5 different possible contributions to the measured specific heat. This means that interpretation of a measured value becomes very complicated, if not impossible, because in 'most cases we will not be able to separate all of the contributions from each other. I think there are many cases where we can simplify the interpretation by neglecting one or more of the contributions. Could you comment on this and if you agree, indicate under which conditions some of the contributions can be neglected ?
A. BLAISE. -I agree with you and insist on the difficulty of interpretation of specific heat results. Strictly speaking, the only simple case is that of closed electronic shells ! More seriously, C,,,, can be neglected for a large and well isolated band and C,,,,, for high lying excited multiplets of the valence electrons, but these necessary conditions may not be sufficient to define unambiguously C,,,.
